Cubic boron arsenide (BAs) was predicted to have an exceptionally high thermal conductivity (k) ~2000 Wm -1 K -1 at room temperature, comparable to that of diamond, based on first-principles calculations. Subsequent experimental measurements, however, only obtained a k of ~200 Wm
Introduction
As the electronics industry expands rapidly and chip fabrication technology evolves towards further miniaturization, power density and heat flux increase steeply [1, 2] . Thermal management becomes a critical bottleneck for the advancement of a variety of important defense, space and commercial applications. Engineers have been hunting ways to cool chips. Developing energyefficient thermal management technologies is a key to energy saving. Thus, the ability to identify and understand materials with high thermal conductivities is increasingly important. The highest thermal conductivities of any bulk materials at room temperature are found in carbon-based materials, diamond and graphite. However, diamond is scarce, and suffers growth difficulties [3] . Thus, it is appealing to identify alternate materials with ultrahigh thermal conductivities derived from fundamentally different lattice dynamical properties.
Cubic boron arsenide (BAs) was predicted to have a remarkable lattice thermal conductivity (k) over 2000 Wm -1 K -1 at room temperature based on first-principles calculations [4, 5] . This is comparable to the highest bulk k values known. The exceptionally high k from these calculations was attributed to reduced phonon-phonon scattering due to a large acoustic-optical phonon frequency gap and bunching of the acoustic branches, based on calculated phonon dispersion curves. While a previous Raman experiment showed some indication of a large frequency gap in BAs [6] , there is no direct experimental evidence of this feature or acoustic bunching, thus validation of the phonon features from which the predicted high k is derived, has not been possible. Inspired by the ultrahigh k prediction, a recent measurement obtained k ~200Wm -1 K -1 [7, 8] , an order of magnitude lower than the predicted value. Lack of measured dispersion data coupled with the large discrepancy of calculated and measured k values begs the question: is this k discrepancy due to extrinsic scattering mechanisms as hypothesized in [6] or from inaccurately calculated phonon dispersion data?
In this work, we measure the phonon dispersion of BAs along high symmetry directions using inelastic x-ray scattering (IXS) and compare with first-principles calculations. While Raman or Brillouin scattering can only probe zone center optical modes, IXS and inelastic neutron scattering (INS) are powerful tools to investigate phonon dispersion relations throughout the Brillouin zone, both acoustic and optical. As a result of high flux and high brilliance of modern x-ray sources, IXS has the ability to probe much smaller samples than are accessible to INS. [9, 10] INS experiments require sample volumes typically of several mm 3 , while IXS measurements can be performed on samples with volumes several orders of magnitude smaller. This opens up possibilities to study materials only available in very small quantities as is the case here for BAs where high-quality large single crystal growth is challenging. IXS has been applied to study phonon dispersions and linewidths of several low-k materials such as PbTe 1-x Se x [11] , TiSe 2 [12] , TiO 2 [13] , VO 2 [14] , MgB 2 [15] , and URu 2 Si 2 [16] . Phonon dispersions of high-k materials, such as graphite [17] , have also been determined by IXS. We provide direct experimental confirmation of the large acoustic-optical frequency gap and acoustic bunching in BAs, and find good agreement between measured and calculated dispersion data.
Crystal Growth and Characterization
Single crystals of cubic BAs were grown at Oak Ridge National Laboratory by a vapor transport technique with iodine as the transport agent. The starting materials were B powder and As chunks. In a typical growth process, B and As in an atomic ratio of 1:1.15 were loaded into a well-cleaned quartz tube with an inner diameter of 16 mm and a length of 120 cm. After adding 0.4 g of I 2 , the quartz tube was sealed under vacuum. The sealed ampoule was heated to 650°C in 36 hours, kept for 48 hours, and then heated to 900°C in 15 hours. The growth was performed for 12 days with the cold end at 850°C. The presence of extra As has been found to increase the growth rate as reported before [18] , which signals the importance of AsI 3 in the vapor transport growth of BAs.
X-ray powder diffraction on pulverized single crystals was performed on PANalytical X'Pert Pro MPD powder X-ray diffractometer using Cu Kα1 radiation. No impurity peaks were observed. Elemental analysis of the crystals was performed using a Hitachi TM-3000 tabletop electron microscope equipped with a Bruker Quantax 70 energy dispersive x-ray (EDX) system. Within the resolution of the instrument the elemental analysis confirmed the composition to be stoichiometric cubic BAs.
Before performing IXS experiments, we did single crystal x-ray diffraction (XRD) measurements to identify the number of domains and their relative ratio. The BAs crystal (20 90 160 μ ) was centered on the goniometer of a Rigaku Oxford Diffraction Gemini E Ultra single-crystal diffractometer operating with MoKα radiation and equipped with a 0.5 mm diameter collimator. The data collection routine, unit cell determination, and data integration were carried out with the program CrysAlisPro. [19] A dataset was collected to 0.7 Å resolution and covering enough of reciprocal space under -43m Laue symmetry to ensure a complete dataset for all domains present.
A preliminary search of the raw data images was done to identify positions of the stronger diffraction peaks. A total of 134 peaks were identified. Figure 1 (a) displays the result of the preliminary search. As the preliminary peak search only identifies the strongest peaks and cannot determine the ratio of the intensity contributions to the two domains, especially for the overlapped peaks, the preliminary cell determination is only useful for identifying the number of significant domains, but not the relative size of the domains. To do this, the intensities of the spots from the two domains were integrated in CrysAlisPro using an automatic software routine. The relative ratios of the two domains were determined to be 95% and 5%. The two domains were twinned by an 180 o rotation around the [111] axis. This crystal twinning was also found in the BAs samples used in previous k measurements [7] . Large single crystal growth of boronrelated materials is known to be challenging and the high volatility and toxicity of As adds further complexity to the process. [20, 21] The XRD pattern of crystal BAs is shown in Figure 1 (b).
Inelastic X-Ray Scattering
We performed the IXS measurements at room temperature at the XOR 3-ID HERIX beam line of the Advanced Photon Source, Argonne National Laboratory. The synchrotron-based IXS technique provides high energy resolution and can probe phonon properties via energy and momentum changes of the scattered photon [11, [22] [23] [24] . The wavelength of X-ray is 0.5725 Å and the focused beam size is 10 10 . The experiment was carried out in transmission geometry. Figure 2 gives a typical IXS spectrum characterized by an elastic peak centered at zero energy and an inelastic peak associated with the creation of a phonon. Due to limited beam time we did not measure the negative energy peak (phonon annihilation). To reduce statistical noise, we measured multiple runs and averaged the data for each q point sampled. The instrument resolution was measured separately. The energy resolution of 2.0 meV was determined by the full width at half maximum (FWHM) of a pseudo-Voigt function. The phonon frequencies were obtained by fitting data with a Lorentzian model. The momentum resolution was 0.7 nm −1 . After fitting each q point, we obtained the mode dependent phonon frequencies.
Results and Discussion
As shown in Figure 3 , our IXS data matches well with previous density functional perturbation theory (DFPT) calculations [4, 5] . Raman data for Γ-point optical phonons [25] is also included. The ultrahigh k of cubic BAs was attributed to limited intrinsic resistance from three-phonon scatterings governed by: (1) a large frequency gap between the acoustic and optical phonons and (2) bunching of the acoustic branches [5] . These dispersion features limit the phase space for three-phonon scatterings dictated by conservation of energy and momentum conditions. The frequency gap prohibits two acoustic phonons from scattering with an optical phonon and acoustic bunching limits the phase space for three acoustic phonon scatterings, especially important for higher frequency acoustic modes.
Based on our measured phonon dispersion, a large acoustic-optical phonon frequency gap and bunching of the acoustic branches are confirmed experimentally. Our IXS data, for the first time, gives experimental confirmation of these dispersion features, for which the prediction of ultrahigh k of BAs depends. Also, this agreement between calculated and measured dispersions further validates the predictive power of first principles calculations of vibrational properties of materials.
Unfortunately, the existence of two major domains in our BAs sample prohibits confident measurement of frequencies of the TA modes in the [111] direction and the lower TA branch in the [110] direction. Attempts were made to measure the lower TA branch in the [110] direction for q points: (0.05 0.05 0), (0.1 0.1 0) and (0.2 0.2 0). With decreasing q magnitude phonon frequencies are expected to decrease and approach zero near the Γ point. The measurements for these points gave nearly constant behavior with 3.76, 3.60 and 3.30 THz, respectively. Using three different zones for the frequency measurements of these points gave similar behavior. This suggests that this measured frequency data assumed for q points in domain I were actually obtained from q points in domain II. Assuming this, the corresponding q points of domain II are: (0.34 -0.95 -0.77), (0.4 -0.07 -0.27) and (0.4 -0.14, -0.28). To confirm this, we calculated the acoustic phonon frequencies of these three points using DFPT. The experimental data are close to the lowest acoustic modes calculated for the three q points in domain II with frequencies of 3.59, 4.02 and 4.05 THz, respectively. In other words, as a result of crystal twinning, the phonon modes in domain II mask the phonon modes in domain I along certain directions and thus prevent us from determining the lower TA branch in the [110] direction and TA branches in the [111] direction.
Summary
We measured phonon dispersion of cubic BAs by inelastic x-ray scattering and observed good agreement between our measurements and first-principles calculations for phonon dispersions. This work provides, for the first time, experimental confirmation of the two phonon dispersion features responsible for the predicted high k of this system: (1) bunching of the acoustic branches and (2) a large acoustic-optical frequency gap. This demonstrates again the predictive power of first-principles DFPT calculations for determining phonon dispersions. As the first direct and detailed comparison between experiment and calculation on phonon properties of BAs, our work serves as a crucial step towards the search for non-conventional materials with ultrahigh k for microelectronic cooling. [5] phonon dispersion of BAs. Green circle makers are Raman data [25] . Filled markers are for LA modes and unfilled ones are for TA modes.
